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SUMMARY 

A free-plston Stirling engine has been under tcsc at the NASA Lewis 
Research Center test C ac111t1es. The tests performed over the past several 
years on the single cylinder engine were designed to Investigate the dynamics 
of a free-plston Stirling engine. The data are Intended to be used primarily 
for computer code validation. NASA Lewis report TM-82999 gives a description 
of the engine and Its Instrumentation. Initial test results were reported In 
TM-83407. Both reports are by J.G. Schrelber. 

The tests designed to Investigate the sensitivity of the engine perform- 
ance to variations In working space pressure, heater and cooler temperatures, 
regenerator porosity, power piston mass and displacer dynamics have been com- 
pleted at Lewis. In addition, some data were recorded with alternate working 
fluids. A novel resonant balance system for the engine was also tested. 

This report presents some preliminary test results of the tests performed 
at the NASA Lewis facility along with an outline of future tests to be run with 
the engine coupled to a hydraulic output unit. A description of the hydraulic 
output unit Is given. 


INTRODUCTION 

A 1 kW (1.33 hp) single cylinder free-plston Stirling engine, known as the 
RE-1000, has been under test at the NASA Lewis Research Center for several 
years. The RE-1000 sensitivity test program was designed to give detailed 
Information about the performance and dynamics of a free-plston Stirling engine. 
A short test program was Included to test the effectiveness of a resonant bal- 
ance system. Future tests will be run with the RE-1000 converted to provide 
hydraulic output. The hydraulic output device was designed and built to oper- 
ate as a two pulse/cycle load or as a four pulse/cycle load. 

This work Is funded under a Joint cooperative Interagency agreement, 
number DE -AI05- 81 0R21 005 between the NASA Lewis and the Department of Energy, 

Oak Ridge National Laboratory (DOE/ORNL). 

This report gives a description of the range of data gathered In the sen- 
sitivity tests. Also presented Is a brief description of the testing of a 
resonant spring mass balance system. A description of the hydraulic output 
unit Is provided along with a discussion of tests to be run with the RE-1000 
hydraulic output system. 
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FACILITY DESCRIPTION 
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A cutaway view of the RE-1000 is shown In figure 1 with key components 
labeled. The RE-1000 was designed and fabricated at Sunpower Inc., Athens, 

Ohio. It was built for NASA Le^is to be a reliable test bed for gathering data 
to be used for computer code validation and as a basis for the evaluation of 
experimental components. 

The RE-1000 was designed with a displacer sprung to ground, an annular 
regenerator and cooler, and an electric resistance heater head. The load Is 
provided by a dashpot built Inside of the pressure vessel as shown In figure 1. 
The engine uses wear couples for all sliding surfaces. 

When the engine was built, many Instrumentation penetrations were Incor- 
porated to aid In the data gathering process. Some of the steady state engine 
parameters measured Include the mean pressure of both the working space and 
the bounce space, and many gas, coolant and metal temperatures. Cooler heat 
rejection Is monitored by measuring the coolant flow rate and using a pair of 
matched thermocouples wired In a differential temperature configuration for 
best accuracy. A more complete description of the RE-1000 engine and the data 
system Is given In references 1 and 2. 

The test facility was designed to allow flexibility In operating condi- 
tions. Variations In the heater head mean temperature, coolant temperature and 
the engine mean pressure level were possible. The facility also provided the 
option of several different gases to be used as the working fluid. 


SENSITIVITY TESTS 

In order to Investigate the sensitivity of a free-plston Stirling engine 
to variations In design parameters, a sensitivity test plan was devised. The 
tests were designed to give engine data and performance maps of the engine for 
many different configurations. Two different displacers were used, one 
designed for relatively high engine efficiency (displacer 1), and the other 
designed for relatively high power (displacer 2). The displacers are described 
In reference 1 . 

Two different regenerators were used. As with the displacers, one was 
designed for high efficiency and the other was designed for high power. The 
high efficiency regenerator, number 1, had a porosity of 76.0 percent. The 
high power regenerator, number 2, had a porosity of 81.2 percent. 

Most tests were run with the standard power piston which resulted In an 
operating frequency of 30 Hz at 7.0 MPa working fluid mean pressure with helium. 
Some tests were run with a light power piston designed to Increase the operat- 
ing frequency by approximately 25 percent relative to the same conditions with 
the original power piston. Most engine tests were run with helium as the work- 
ing fluid, however, some data were recorded with nitrogen and some with argon 
as the working fluid. 

The test configurations run and the number of data points recorded with 
each configuration were as follows: 
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With each configuration listed above, the engine was tested over the map shown 
In figure 2. The total number of data paints recorded In the sensitivity tests 
was 785. The detailed data recorded will be published In a future report. 

Part of the data recorded In the tests was the dynamic pressure drop of 
the heat exchangers. Differential pressure transducers were close coupled to 
measure the pressure drop of the cooler, the regenerator and the complete heat 
exchanger loop. This data was measured with Valldyne differential pressure 
transducers and will be published with the rest of the data. 


BALANCE SYSTEM 

As part of the Space Power 100 kW (SP-100) program, Sunpower Inc., 
designed a resonant spring mass balance system for the RE-1000. The balance 
system Is shown In figure 3. The system was designed to counteract the 
engine's Inherent vibration at 30 Hz. Small additional masses made It possible 
to adjust the resonant frequency of the balance system by +0.5 Hz. 

Figure 4 shows the results of the balance system tests. The test was 
conducted with the power piston operating at a stroke of 2.5 cm. The frequency 
was varied by changing the engine mean operating pressure. As can be seen In 
figure 4, the balance system dramatically reduced the engine vibration level 
when the engine Is operated at the design point of the balance system. 


HYDRAULIC OUTPUT UNIT 

As part of the NASA Lewis free-plston Stirling engine program funded by 
D0E/0RNL, a hydraulic output device was designed and built for the RE-1000. 

The detail design work and the fabrication of the system was done by Foster- 
Miller Inc., of Waltham, Mass. As with the original design of the RE-1000, the 
hydraulic output device was designed to be a rugged test bed to be used as a 
research tool. The unit features modular design for flexibility of test con- 
figurations, ease of Instrumentation, balanced or unbalanced operation, and 
two or four pulse/cycle pump configurations. 

To convert the RE-1000 engine from the dashpot load to the hydraulic load, 
the power piston, power piston cylinder, the dashpot load and the pressure 
vessel were removed. The power diaphragm, shown In figure 6 along with Its 
supports, Is attached to the engine such that the compression space gas pres- 
sure acts on one side of the diaphragm. On the other side of the diaphragm Is 
the hydraulic system. The power diaphragm assembly Is shown In figure 7, look- 
ing at It from the hydraulic side. The hydraulic fluid displaced by the power 
diaphragm acts against one face of the pump rod piston. The pump rod assembly 
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Is shown In figure B. While the oil below the pump rod piston supplies power 
to the pump rod from the power diaphragm, the oil above the pump rod piston 
acts against the bounce space diaphragm. 

The balance system for the hydraulic output device Is shown In figure 5 
as masses M 2 and M 3 . In figure 8 , M 2 Is shown attached near the midpoint 
of the pump rod and M 3 Is shown to the left of the pump rod. During opera* 
tlon of the hydraulic output device, M 2 and M 3 will move In opposite direc- 
tions due to the pumping action of M 2 and the hydraulic fluid In the balance 
system. If It Is desired to operate the engine without the balance system, M 2 
Is removed from the pump rod and M 3 is eliminated. The mass shown on the 
right side of figure 8 Is then clamped on the pump rod to maintain the same 
oscillatory mass and therefore the same resonant frequency as with the balance 
system. 

The top of the pump rod extends Into the pump body. The pump body and 
the Inlet and outlet check valves are shown In figure 9. The pump has two 
features that make It Ideal for this application; a null band to assure system 
stability and a buffer diaphragm to convert the hydraulic pump Into a two pulse 
or a four pulse per cycle pump. 

A plot of the hydraulic load Is shown In figure 10. The existence of the 
null band causes the load curve to have a greater slope. At the match point 
of the engine power output and the load power absorbed, the system now has 
much better stability since the power output curve and the load curve cross at 
a more severe angle. The null band can be seen In figure 11. Since the 
hydraulic fluid Is Incompressible, the lower pump chamber will be able to do 
some pumping work when the piston Is moving In the upper pump chamber. Like- 
wise, the upper pump chamber can do work while the piston Is moving In the 
lower pump chamber. This arrangement shown In figure 11 Is the four pulse per 
cycle configuration because It has four Inlet pulses and four output pulses 
per cycle. 

The two pulse per cycle configuration Is shown In figure 12. In this con- 
figuration a small accumulator Is connected to the ports inside the pump that 
form the null band. Because the accumulator Is not a rigid device and there- 
fore can change volume, the chamber of the pump that Is connected to the null 
band cannot do pumping work. It will merely expand or compress the accumulator. 

The hydraulic output device Is shown partially assembled In figure 13. 

The small accumulator used to convert the device to a two pulse/cycle pump can 
be seen attached to the pump body near the top of the device. The other small 
accumulator attached to the pump body Is used to buffer the pump output and 
convert the pulsed flow Into a smooth flow. A similar buffer Is also attached 
to the opposite side of the pump to smooth the Inlet flow. Above the pump body 
Is a linear variable-differential transformer (LVDT) used to measure the pump 
rod position. The cylindrical section below the pump body Is the balance cyl- 
inder Inside of which the annular balance piston oscillates. Figure 14 shows 
a cutaway view of the hydraulic output device with key parts labeled. 

The free-plston Stirling engine hydraulic output system Is controlled by 
a Kaypro 2 computer and a Starbuck microprocessor. The purpose of the control 
system Is to check the center positions of each of the oscillating members. 

If at any time the center position of the pump rod or of the diaphragms drifts 
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too far from the design position, the control system will activate the appro- 
priate valve to correct the situation. The layout of the valves can be seen 
In figure 5. The software In the Kaypro has the ability to do limit checking 
for safety purposes and also has routines for automatic start up and shut down 


TEST PLAN 

Due to the modular design of the hydraulic output device and the ease with 
which Instrumentation can be Installed, the RE-1000 Is an Ideal research tool. 
The main emphasis of the research to be done on the hydraulic system Is to 
characterize the Interaction between the engine and the load. To do this, the 
pump configuration will be altered to vary the characteristics of the load. 

The pump can be changed between a two pulse/cycle and a four pulse/cycle pump 
as was described before. By adding other hardware, the hydraulic pump can be 
made to have a greater spring content to act more similar to a compressor than 
a pump. 

The hydraulic device also has the capability to use a different gas In the 
bounce space than the gas used In the working space. With this ability, an 
Investigation of hysteresis In gas springs can be performed. 


CONCLUDING REMARKS 

During years of test runs, the RE-1000 has proven Itself to be a rugged 
and reliable test bed for free-plston Stirling engine research. Any failures 
In hardware that did occur were traced to Improper assembly (twice) or were 
failures of Instrumentation. The engine has accumulated nearly 300 hours of 
operation to date. 

The data collected during the sensitivity tests are currently being pro- 
cessed. A report will be published at some future date to present the detailed 
data. These data should provide a base for computer code validation. 

The RE-1000 Is currently being converted Into a free-plston Stirling 
engine-hydraulic output system. Research on engine load Interaction will soon 
be Initiated. The design Intent of the hydraulic output device, as was the 
design Intent of the original engine, was to make a rugged, reliable, well 
Instrumented research tool. 
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Figure 1 - Cutaway view of RE-1000 free-piston 
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Figure 4. - Engine vibration amplitude versus frequency. 
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Figure 5. - Hydraulic output device schematic. 
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Figure 8. - Hydraulic output device Pump Rod. 


Figure 9. - Hyraulic output device Pump Housing. 
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Figure 12. - Double acting 2 pulse per cycle pump. 
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Figure 14. - Cutaway view ot the RE-1000 Free-Piston Stirling Engine with 
hydraulic load. 
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